Immune cells infiltrating the microenvironment of melanoma metastases may either limit or promote tumor progression, but the characteristics that distinguish these effects are obscure. In this study, we systematically evaluated the composition and organization of immune cells that infiltrated melanoma metastases in human patients. Three histologic patterns of immune cell infiltration were identified, designated immunotypes A, B and C. Immunotype A was characterized by no immune cell infiltrate. Immunotype B was characterized by infiltration of immune cells limited only to regions proximal to intratumoral blood vessels. Immunotype C was characterized by a diffuse immune cell infiltrate throughout a metastatic tumor. These immunotypes represented 29%, 63%, and 8% of metastases with estimated median survival periods of 15, 23, and 130 months, respectively. Notably, all three immunotypes showed increasing proportions of B cells and decreasing proportions of macrophages. Overall, the predominant immune cells were T cells (53%), B cell lineage cells (33%), and macrophages (13%), with NK and mature dendritic cells only rarely present. While higher densities of CD8+ T cells correlated best with survival, a higher density of CD45+ leukocytes, T cells, and B cells also correlated with increased survival. Together, our findings reveal striking differences in the immune infiltrate in melanoma metastases in patients, suggesting microenvironmental differences in immune homing receptors and ligands that affect immune cell recruitment. These findings are important, not only by revealing how the immune microenvironment can affect outcomes but also because they reveal characteristics that may help improve individualized therapy for patients with metastatic melanoma.
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ABSTRACT:
Immune cells infiltrating the microenvironment of melanoma metastases may either limit or promote tumor progression, but the characteristics that distinguish these effects are obscure. In this study, we systematically evaluated the composition and organization of immune cells that infiltrated melanoma metastases in human patients. Three histologic patterns of immune cell infiltration were identified, designated immunotypes A, B and C. Immunotype A was characterized by no immune cell infiltrate. Immunotype B was characterized by infiltration of immune cells limited only to regions proximal to intratumoral blood vessels. Immunotype C was characterized by a diffuse immune cell infiltrate throughout a metastatic tumor. These immunotypes represented 29%, 63%, and 8% of metastases with estimated median survival periods of 15, 23, and 130 months, respectively. Notably, all three immunotypes showed increasing proportions of B cells and decreasing proportions of macrophages. Overall, the predominant immune cells were T cells (53%), B cell lineage cells (33%), and macrophages (13%), with NK and mature dendritic cells only rarely present. While higher densities of CD8+ T cells correlated best with survival, a higher density of CD45+ leukocytes, T cells, and B cells also correlated with increased survival. Together, our findings reveal striking differences in the immune infiltrate in melanoma metastases in patients, suggesting microenvironmental differences in immune homing receptors and ligands that affect immune cell recruitment. These findings are important, not only by revealing how the immune microenvironment can affect outcomes but also because they reveal characteristics that may help improve individualized therapy for patients with metastatic melanoma.
3
INTRODUCTION:
Intratumoral immune cells have been associated with improved prognosis in patients with colorectal, mammary, lung and ovarian carcinomas (1) (2) (3) (4) . In melanoma, some studies show that patients with brisk lymphocytic infiltrate in primary melanomas had lower risk of metastasis and death than patients with sparse or absent infiltrate(5-9). However, despite numerous studies of the prognostic impact of tumor infiltrating lymphocytes (TIL) in primary melanomas (6, 7, 10) , comparable studies of melanoma metastases are few and limited in scope. Two studies, primarily in lymph node (LN) metastases, found that increased TIL had prognostic significance (11, 12) . A small study also found an association between TIL and response to interferon therapy (13) . These studies evaluated T cells and total immune cells, but have not evaluated infiltration of myeloid cells, dendritic cells, B cells, and intratumoral vascular endothelium, which have all been implicated in immunologic dysfunction within the metastatic melanoma microenvironment (MME), and thus may also have prognostic impact (14) .
T cells can be cultured from melanoma metastases, and adoptive transfer can induce tumor regressions (15) . However, tumor-reactive TIL can be cultured only from a subset of melanoma metastases. In a study of lymph node (LN) metastases, TIL were absent in 46% of metastases, and brisk in only 16% (11) . This finding raises questions about factors controlling T cell infiltration of metastases. Circulating immune cells enter peripheral tissues upon engagement of integrins, selectins, and chemokine receptors, and their ligands, at the vascular endothelium. Other integrins and chemokines may be critical for immune cells to move along stromal tissues in the microenvironment and to be retained there. Despite the critical role of vascular endothelium for immune cell infiltration into the MME, prior studies have not addressed the spatial distribution of immune cells relative to the intratumoral vessels, and how that distribution may be associated with the extent of immune cell infiltration.
In the present study, we have evaluated spatial associations between immune cells and intratumoral blood vessels, which help to define patterns of immune cell infiltration (immunotypes). We hypothesized that immunotypes would have prognostic significance. Also, we have evaluated multiple immune cell subsets infiltrating melanoma metastases from patients with clinical followup, and have assessed their prognostic significance. Together, these studies provide a foundation upon which to build a better understanding of the control of immune cell homing and infiltration into the MME, which are critical for immunologic control of melanoma.
MATERIAL AND METHODS:
Patients and Database:
We reviewed surgical pathology reports of melanoma metastases in the Anatomic Pathology Software System and selected 183 metastatic melanoma samples from 147 patients with clinical follow-up and ample surgical pathology material to obtain core samples from at least 3-4 tumor regions to construct tissue microarrays (TMAs). The interval from date of surgery to date of last contact (death or last follow-up) ranged from 1 to 358 months (mean, 37; median 13.7 for deceased patients, 63 for alive patients). Histopathologic and clinical findings referenced the 6 th edition AJCC Melanoma Staging and Classification (16 Estimating total cell numbers in the metastases: Total cell numbers (including melanoma cells) per mm2 were estimated on representative histologic sections. Using Aperio software, a box 0.04mm2 in area was drawn, and cell nuclei counted at 20x (SS), and multiplied by 25 to estimate the number per mm 
Statistical Analysis:
For statistical analyses, averages of immune cell counts (cells per mm2) sampled in quadruplicate were used. An intraclass correlation summarized the relationship between intraand inter-patient variabilities of total immune cell counts based on multiple samples derived from 29 patients. For the main analyses, only the first sample from each patient was used. Kruskall-Wallis and Wilcoxon tests were used to compare immune cell counts and clinicopathologic variables. Kaplan-Meier curves and log-rank tests were used to assess relationships, in a univariate setting, between categorical clinicopathological parameters and overall survival. Univariate Cox proportional hazards models were fit separately, by immune cell type, to immune cell counts (low vs. high numbers, using median expression as a cutoff) and hazard ratios were obtained. Multivariate Cox proportional hazards models assessed the relationship between survival and the immune cells counts (treated as continuous, using square root transformation) in conjunction with a set of covariates that included NED status, stage, gender, tissue type and age. The production of separate models for each type of immune cell provides information on the relationship between each of them and survival. A similar multivariate Cox proportional hazards model was used to assess survival against immunotype (A vs. B+C) and the set of five covariates noted above. A p-value of less than 0.05 was considered to indicate significance. Analyses were performed with SAS 9.2 or MedCalc software (Version 11.6.1.0, Mariakerke, Belgium).
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The Distribution of intratumoral Immune Cells To evaluate the distribution of intratumoral immune cells within melanoma metastases, especially the physical association of immune cells and intratumoral blood vessels, we immunostained TMAs for CD34 (vascular endothelial cells) and CD45 (immune cells). Each specimen was categorized based on the distribution of immune cells in relation to vessels. Examples are shown in Figure 1 . Analyses focused on the first metastasis evaluable from each patient. Among these, 29% had no significant immune cell infiltrate; this distribution is referred to as "Immunotype A." Sixty-three percent had immune cell infiltration limited to perivascular cuffing, referred to as "Immunotype B". Only 8% had diffuse intratumoral immune cell infiltrate, named "Immunotype C" (Figure 2A) . Distributions of Immunotype among clinical subgroups are shown in Table 1 . None differed significantly, but 11 of the 12 Immunotype C tumors were in patients rendered clinically free of disease (NED) after surgery. 
Survival association with Immunotype
Phenotypes of tumor-infiltrating immune cells
To identify and to quantify the immune cells infiltrating melanoma metastases, immunostained cells in each core were enumerated and reported per mm Table 2 .
Density of immune cell subsets are summarized in Figure 3A for the first metastases in each patient, and in Supplemental Table 1 Table 2 ). CD20 + B lymphocytes were highest in LN metastases and least prevalent in small bowel metastases. Macrophage (CD163) counts were similar among metastatic sites. CD56 + cell counts were very low in all groups, without significant differences (Figure 3C) , except across immunotypes.
Variations in immunotype and immune cell numbers within the same patient
There was substantial concordance of Immunotypes among tumors within the same patient (Supplemental Table 3 ). Each of twenty-nine patients had 2-5 metastases evaluated (19, 8, 1, 1 patients, respectively). Among them, 19 (66%) had identical immunotypes for all or most metastases. The intraclass correlation for total immune cells was high (0.67).
The total number of all cells (including melanoma cells) per mm2 in the metastases was estimated by counting representative sections. In areas 0.04 mm2, counts ranged from 122 to 372 (mean 222, SD 79), representing a mean of 5,558 cells (SD 1,980) per mm2. We estimate the average diameter of melanoma cells to be about 20 microns (17), and of immune cells to be about 10 microns. Using the model presented in the methods, total cell density in metastases was estimated at approximately 280,000/mm3. By comparison, the mean number of CD45 + cells in Immunotype C tumors was 713/mm2 (Table 2) ; applying the same formula, we estimate about 71,300 CD45 + cells per mm3 (about 25% of the total cell number).
Molecular components of immunologic checkpoints on infiltrating immune cells.
Nuclear staining for FoxP3 was detected in 7% of immune cells overall (mean, and median). PD1 was detected in 7% of infiltrating cells (mean; median less than 2%). Both FoxP3 and PD-1 were most numerous in Immunotype C and least in Immunotype A. However, proportions of Table 2 ). There was a significant association between numbers of FoxP3 
Tumor Infiltrating Immune Cell Phenotypes and Survival
To assess if tumor infiltration by any immune cell population was prognostic for overall patient survival, univariate and multivariate Cox proportional-hazards analyses was performed. KaplanMeier curves were produced for high vs. low numbers of each cell type (greater than median vs. median or less), and univariate Cox proportion hazard models suggest longer overall survival for patients with tumors containing high counts of CD45 Table 3) .
Multivariate Cox proportional models controlled for disease status (no evidence of disease (NED) or not, after surgery), stage, gender, tissue site, and age ( Table 3 ). In a model with these predictors alone, NED status was a significant predictor of survival (p < 0.001), but stage, gender, tissue site, and age were not. Patient numbers were not high enough for one prognostic model to include all the cell types and clinical variables; so counts of each cell type were 8 evaluated in separate models. Adjusting for these covariates, independent association with better survival was observed with higher counts of CD45 
Associations with long term survivors of vaccine trials
One-third of the patients (49) participated in experimental melanoma vaccine trials at our institution, nine of whom (18%) remained alive more than 5 years and were clinically free of disease at last followup. Of these, tumor was resected before (n=4), or after (n=5), enrolling in a vaccine trial. Immunotypes for these tumors were A (1, 11%), B (5, 56%), and C (3, 33%) and did not change significantly after vaccine trial participation. Mean numbers of infiltrating immune cell subsets (Supplemental Table 4 ) were high, when reviewed in light of the study population (Supplemental Table 1 ), the most prominent of which is the high number of B cells.
DISCUSSION
A number of studies have identified immune cell infiltration as an important prognostic factor in primary melanomas (6) (7) (8) (9) (10) and in other primary solid tumors (1-4, 18-21 ), but critical to the future of immunotherapy is understanding the immunobiology of metastases. We have characterized immune cell infiltrates in melanoma metastases, specifically addressing the organization of those cells relative to intratumoral blood vessels, and the prognostic importance of immune cell subsets. Tumor-infiltrating immune cells were absent from 29% of these tumors. This is slightly lower than a prior report (46%), possibly due to higher sensitivity for detecting immune cells with immunohistochemistry. Regardless, infiltrating immune cells are absent in a large subset of melanoma metastases, and patients with these Immunotype A tumors had the worst survival. These tumors likely have a lesion in immune control at the level of endothelium of the tumor vasculature, which appears to act as an effective blood:tumor barrier. Successful immune therapy of Immunotype A tumors likely will require understanding molecular mediators of this blood:tumor barrier at the endothelial interface, for which candidate mechanisms may include overexpression of endothelin B (22) , and low endothelial expression of E-selectin, P-selectin, and ICAM-1(23).
Most melanoma metastases (63%) were characterized by perivascular immune cell populations that fail to infiltrate among melanoma cells within the metastatic masses. This phenotype (Immunotype B) has not been described formally, as prior studies have largely reported cell numbers or categories of brisk and non-brisk infiltrates only (11) . When these tumors are evaluated on H&E sections, the relationship these cells have to vessels is often unclear, but immunohistochemical stains clarify that most immune cells in the metastases are confined to perivascular regions. Based on these findings, the endothelium in these tumors appears to provide adequate signals to circulating lymphocytes to allow them to roll, arrest, and transmigrate the endothelium and to enter the perivascular areas; however homing of those cells into the tumor microenvironment apparently is arrested at that point. Possible mediators of this phenotype could be a lack of stromal molecules to provide scaffolding for T cell motility within 
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the tumors, lack of lymphocytophilic chemokines in the metastatic melanoma microenvironment (MME), lack of retention integrin induction and engagement, increased emigration of immune cells from the tumor, or failure of the immune cells to survive in the MME. Higher levels of infiltrating T cells has been associated with chemokines CCL2-5, CXCL9, and CXCL10.(24) Production of some of these chemokines by melanoma cells can be increased by interferons (25) . In other cancers, intratumoral activation of innate immune pathways by toll-like receptor 7 agonists has increased T cell infiltration; this is linked with activation of interferon signaling and is associated with increased endothelial expression of E-selectin (26) (27) (28) . However, interferons can have negative effects through activation of immune regulatory processes, especially indoleamine 2,3-dioxygenase (IDO), PD-1 and PD-L1 in peripheral tissues, which may in turn limit T cell infiltration, function, and survival in the MME. Greater understanding of the immunologic signatures of Immunotype B tumors, and net effects of various interventions in the tumor microenvironment will be necessary to dissect these complex interactions and offer opportunities for optimized combination immunotherapies.
Prior work reported brisk TIL in LN metastases of 16% of melanomas (11) . We identified only 8% as Immunotype C tumors, characterized by diffuse infiltration among melanoma cells. Diffuse intratumoral infiltrates suggest that the molecular machinery is intact both at the level of the endothelium and within the MME itself, to support homing of T cells and other immune cells into the tumor microenvironment. Patients with these tumors have had the best overall survival, suggesting that this immunobiologic phenotype has clinical relevance. The association with survival is significant in univariate analysis. The multivariate analysis is limited by the small number of patients with Immunotype C tumors, such that a full analysis of the relevance of each immunotype was not possible -the multivariate model only compared immunotype A vs. B+C, and clinical NED status was the most significant prognostic factor in that model. It is of interest that the proportion of patients who could be rendered NED surgically was highest for Immunotype C tumors: 92% (vs. 69% and 75% in Immunotypes A and B, respectively, Table 1 ). Thus, processes that limit metastatic sites may be explained in part by the immunobiology of Immunotype C tumors. Regardless, the Immunotype constructs can help to focus future research on pathways by which immune cells home to tumor, as well as barriers to infiltration that characterize each phenotype and that may be targeted therapeutically. It is notable that response rates to many systemic melanoma therapies have been about 10-15%, very similar to the frequency of Immunotype C tumors; future work will help to elucidate the extent to which this Immunotype predicts response to immune therapy.
One question is why melanomas with Immunotype C progress, despite T cell infiltration. Many mechanisms of tumor-associated immune dysfunction have been identified (29) ; so the immunologic advantage of this phenotype is likely limited by effects of tumor cells. Others and we have reported on the evolution of melanoma metastases over time, which likely reflects an ongoing conflict between immunologic control and escape (30, 31 ). This has been described elegantly in the context of immune surveillance, equilibrium, and editing (32) . 
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proportionately from Immunotype A to C. There has been only limited investigation of the role of B cells in melanoma immunobiology. In murine models, B cell lineage depletion can improve immunologic control of experimental solid tumors (33) (34) (35) (36) (37) , and a subset of regulatory B cells may limit immunologic control of cancer (38) . In other murine studies, however, B cells were found to be important for optimal CD8 + and CD4 + T cell tumor immunity, survival of cytotoxic T cells, and tumor control (39, 40) . In patients with advanced melanoma, dysfunction of circulating B cells has been observed and has been associated with loss of CD27 + memory B cells (41) . Plasma cells in primary melanomas carry negative prognostic significance in a few case series (42, 43) ; however, we are not aware of detailed reports of B cells and plasma cells in melanoma metastases. In our study, the numbers of B cells correlated positively with overall survival. This opens the door to future studies of the function and dysfunction of B lineage cells in the MME, which appear to have a role in the host:tumor relationship. , and the regulatory molecule PD-1 was expressed on 5-7% of immune cells in metastases of lymph nodes and skin, and 12% of cells infiltrating small bowel metastases. Thus, these regulatory cell populations represent a significant proportion of infiltrating cells and offer a significant potential for tumor-associated immune dysfunction. NK cells were not detected at high frequency using an antibody to CD56; however, an antibody to NKp46 (R&D) may provide more accurate assessments of infiltrating NK cells (44, 45) . constitutively activates MAP kinase signaling and by complex effects through ERK, microphthalmia-associated transcription factor (MITF) is usually down-regulated in these cells (46) . MITF controls pigmentation and expression of melanocytic differentiation proteins (MDP) (47) . Conceivably, these changes may decrease the infiltration and antitumor activity of T cells recognizing these common melanoma antigens. Selective inhibition of oncogenic BRAF dramatically increases expression of MDPs, and has been associated with increased T cell infiltration of melanoma metastases (48, 49) . We are not aware of other data directly implicating cKit or N-RAS mutations in immune evasion by melanoma, but futures studies are warranted to assess the effect of these and BRAF mutations on Immunotype and immune cell function in the MME.
In conclusion, the density, phenotype and location of immune cells have prognostic value in metastatic melanomas. We describe immunotypes of melanoma that reflect qualitative differences in immunobiology. The prognostic significance of selected immune cell counts is greater than that of the Immunotypes; however, we posit that Immunotypes categorize melanoma 11 metastases into 3 qualitatively distinct and biologically relevant groups. Further investigation is warranted to define the molecular mediators of the blood:tumor barrier in Immunotype A tumors, and of the barriers to emigration from the perivascular regions in Immunotype B tumors. Data are beginning to emerge about homing receptors and ligands that are most critical for immune cell infiltration of melanoma metastases (24, 50) . Molecular characterization of these processes in human melanoma will provide new targets to improve infiltration of T cells and other immune cells, which in turn may improve the effectiveness of combination immune therapies for melanoma and other cancers. Research.
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